Quantitative gene expression analysis in intact single cells can be achieved using single moleculebased fluorescence in situ hybridization (smFISH). This approach relies on fluorescence intensity to distinguish between true signals, emitted from an RNA copy hybridized with multiple oligonucleotide probes, and background noise. Thus, the precision in smFISH is often compromised by partial or nonspecific probe binding and tissue autofluorescence, especially when only a small number of probes can be fitted to the target transcript. Here we provide an accurate approach for setting quantitative thresholds between true and false signals, which relies on onoff duty cycles of photoswitchable dyes. This fluctuation localization imaging-based FISH (fliFISH) uses on-time fractions (measured over a series of exposures) collected from transcripts bound to as low as 8 probes, which are distinct from on-time fractions collected from nonspecifically bound probes or autofluorescence. Using multicolor fliFISH, we identified radial gene expression patterns in mouse pancreatic islets for insulin, the transcription factor, NKX2-2 and their ratio (Nkx2-2/Ins2). These radial patterns, showing higher values in ␤ cells at the islet core and lower values in peripheral cells, were lost in diabetic mouse islets. In summary, fliFISH provides an accurate, quantitative approach for detecting and counting true RNA copies and rejecting false signals by their distinct on-time fractions, laying the foundation for reliable single-cell transcriptomics.
INTRODUCTION
Single-cell analysis techniques provide effective avenues to probe molecular processes and cellular heterogeneities with unprecedented resolution and accuracy (1) (2) (3) . Imagingbased single-cell transcriptomics is a powerful approach to dissect the identity and functional state of individual cells as it directly provides the exact copy number of RNA species as well as their subcellular location (4) . Single-moleculebased fluorescence in situ hybridization (smFISH) has laid the foundation for utilizing a programmable set of oligonucleotide probes to barcode the transcripts of interest ( Figure  1A and B) (5) (6) (7) . Together with combinatorial multicolor labeling and optimized hybridization protocols, smFISH has substantially improved the throughput of single-cell RNA counting (8) (9) (10) . However, nearly all the smFISH methods rely on a large number of fluorescent probes targeting a single RNA molecule to increase the signal-to-noise ratio (SNR) and separate the true signal, emitted from a single RNA copy, from nonspecific fluorescence background. Furthermore, the fluorescence threshold for distinguishing true signals from background often relies on qualitative assessments and include nonspecific or unbound probes, as well as autofluorescence. This drawback inevitably compromises the reliability of smFISH in providing accurate gene expression values in single cells.
Super-resolution localization microscopy makes use of the temporal fluctuation in fluorescence emission of certain fluorophores to achieve spatial separation of individual molecules within a diffraction-limited spot (11, 12) . Thus, densely localized molecules can be distinguished by sequentially turning only a few of them on during each exposure. The first demonstration of super-resolution localization microscopy, including stochastic optical reconstruction microscopy (STORM) and photoactivated localization microscopy (PALM), used at least two excitation wavelengths to control the 'blinking' behaviors of the fluorophores (13) More recently, it has been observed that certain organic dyes, such as Alexa Fluor and Atto dyes, can be spontaneously switched on and off by a single high-power excitation under low-oxygen, thiol-rich environment (14, 15) . Moreover, these dyes possess a short 'onoff' duty cycle--the time window during which photons are emitted--but yield a robust photon burst per cycle, which makes them ideal for super-resolution localization microscopy (16, 17) .
Here, we take advantage of these photoswitchable dyes to address the shortcomings and limitations of smFISH. We provide a new quantitative approach for distinguishing between true signals, emitted from single RNA copies, and background noise. Our fluctuation localization imagingbased fluorescence in situ hybridization approach, dubbed fliFISH, increases the accuracy and reliability of single-cell transcriptomic analysis. Our approach relies on the principle that the on-time fraction (the times when a fluorophore emits photons over a series of exposures) of a single FISH probe, tagged with one dye molecule, is distinguished from the ensemble on-time fraction of multiple hybridized probes ( Figure 1C ). When attached to an RNA molecule in cells, the set of single-labeled oligonucleotide probes is expected to span an area that is within the diffraction limit. Thus, by measuring the on-time fraction of single probes within a diffraction-limited area, it is possible to predict the expected ensemble on-time fraction of multiple probes bound to an RNA molecule. Since the on-time fraction of a single (less blinking) and multiple (more blinking) dye molecules within a sub-diffraction area are significantly different (within a given number of exposure frames, e.g. >5000), it allows us to set a quantitative threshold based on the on-off duty cycle of the specific fluorophores, which clearly separates between true binding to an RNA molecule and autofluorescence or unbound stray probes. Because fliFISH relies on photoblinking patterns, rather than on fluorescence intensity, this approach not only increases the precision of recognizing a true RNA copy, but also decreases the number of required oligonucleotide probes and improves the spatial resolution in the acquired images.
The normal function of tissues and organs relies on a highly ordered structure of cells that assume different roles and harbor distinct patterns of gene expressions. However, conventional approaches cannot reveal the transcriptomic heterogeneity at the single-cell resolution. In contrast, smFISH can measure gene expressions while preserving the structural information within the tissues (18, 19) . The pancreas is a critical organ involved in digestive and endocrine functions. Degeneration and/or dysfunction of ␤
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Nucleic Acids Research, 2018, Vol. 46, No. 2 e7 cells within the pancreatic islets of Langerhans leads to diabetes mellitus. Recently, significant evidence has emerged to suggest the existence of ␤ cell heterogeneity (20) (21) (22) (23) , which may impact ␤ cell function and/or susceptibility to external environmental stressors that can lead to diabetes. Identifying aberrations in transcriptomic patterns at the cellular and islet levels are therefore critical to understanding the pathophysiology of the disease. Here we demonstrate the applicability of fliFISH in mouse pancreatic ␤ cells in culture and in islet tissue sections, where we quantitatively identify a radial gradient of single-cell gene expression values for insulin and its relevant transcription factor within normal islets.
MATERIALS AND METHODS

Cell culture and probe design
MIN6 cells (mouse pancreatic ␤ cell line) were cultured in DMEM supplemented with 25 mM glucose, 10% fetal bovine serum, 1% L-glutamine, 1% penicillin-streptomycin (Thermo Fisher Scientific), and 0.0005% 2-mercaptoethnol. 266-6 cells (mouse pancreatic acinar cell line) were cultured in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cell cultures were maintained in a humid incubator supplied with 5% CO 2 at 37
• C. Before use, cells were tested to eliminate impact from mycoplasma contamination. Sets of 20 nucleotide (nt) probes were designed to meet the following criteria: 40-60% CG content, no 'CCC', 'GGG', 'AAAA' or 'TTTT' repeats, and no stemloop structure. All probe sequences were confirmed with BLAST to confirm targeting specificity (https://blast.ncbi. nlm.nih.gov/Blast.cgi). Probes were labeled at the 5 end and synthesized by Integrated DNA Technologies. All probe sequences are listed in Supplementary Table S1 .
Mouse and human pancreatic tissues
All animal studies were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver. 6-8 weeks old female NOD/ShiLtJ (NOD) and NOR/LtJ (NOR) mice were obtained from the Jackson Laboratories (Bar Harbor, ME) and pancreatic tissue was harvested immediately upon arrival. The pancreatic tissues were fixed in 4% PFA overnight, washed in PBS and embedded in carboxymethyl cellulose (CMC) for cryo-sectioning at 8-10 m thick sections for hybridization. Formalin-fixed paraffin-embedded (FFPE) pancreatic tissue sections (used in Supplementary Figures S8 and S9 ) were a gift from the UCSF Islet Isolation Core to Dr. Holger A. Russ (University of Colorado, Denver). Before hybridization, these tissue sections were deparaffinized with xylene-ethanol series and the residual formalin was quenched with 0.1% sodium borohydride (NaBH 4 ).
RNA hybridization
Cells for fliFISH were seeded onto 35 mm glass-bottom Petri dishes (No.1 thickness) and grown to 70-80% confluency. The cells were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature. The PFA residual was quenched with 0.1% NaBH 4 after washing with PBS. The cell membranes were permeabilized with 70% ethanol overnight at 4
• C. For fliFISH, probes mixture at 4-5 nM (100 nM for tissue sections, equimolar mixture of all probes) was dissolved in hybridization buffer (10% dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02% BSA, 2 × SSC, 10% formamide) and added to the cells or tissue sections for overnight incubation at 37
• C. For smFISH using the Stellaris probe set, the standard protocol provided by the manufacturer (Biosearch Technologies) was followed. Before imaging, the cells/tissues were thoroughly rinsed with buffer containing 2 × SSC and 10% formamide. The cell nuclei were stained with 0.05% DAPI.
Microscopy for fliFISH
The fliFISH imaging was performed using Olympus IX-71 inverted microscope base with a 100× oil immersion objective (NA 1.4). Five solid-state lasers were incorporated into the system (405, 488, 542, 594, 640 nm) and the laser power was controlled with electronic drivers and neutral density filters. The fluorescence emission was collected using the same objective and imaged by an electron multiplying CCD camera (Andor iXon Ultra 897). Chromatic aberration was calibrated with multispectral beads and corrected in postprocessing. The raw images were initially recorded as 512 × 512 pixels with a pixel size of 160 nm, and stored as 16-bit FITS files. The exposure time and imaging frame rate were controlled with the Andor SOLIS software. Data collection was started when fluorescence blinking became stable (1-3 min after excitation). Based on the literature and our calibration, a 400 s detection window (10 000 frames) was selected in which no significant photobleaching would occur. Imaging was done in buffer containing: 50 mM Tris (pH 8.0), 10 mM NaCl, 10% glucose, 560 g/ml glucose oxidase (Sigma, G2133), 34 g/ml catalase (Sigma, C3155) and 1% 2-mercaptoethnol. For quantifying on-time fractions of the different dyes, 0.1 nM probes, tagged with one dye molecule, were diluted in TE buffer and placed for 20 min in a chamber with a glass-bottom that was coated with poly-L-lysine. The solution was then replaced with a fresh imaging buffer to remove unbound probes. Different image acquisition rates and exposure times were tested (results provided in Supplementary Table S2) , and 25 Hz acquisition rate and a total exposure of 200-400 s were chosen as the optimal imaging setting.
Image processing
Each raw image frame was first processed with a Laplacian of Gaussian (LoG) filter function to reduce background and the coordinates of all local maxima were identified. Guided by the local maxima coordinates, a Gaussian mask algorithm was used to find the centroid for each blinking spot (24) . The intensity threshold of a blinking event was defined as above five times the standard deviation of the sample-specific background fluctuations. A fitted centroid that was 1 pixel away from the original local maxima (e.g. due to strong background interference) was rejected. The size of target mRNAs and the probe spanning area upon hybridization were used to set the limit for the area from which blinking events were considered to come from one mRNA copy. For example, the mouse Ins2 mRNA targeted in this study is about 480 nt long (equivalent to ∼163 nm in space) and the designed eight probes flank a segment of 220 nt (∼75 nm). Therefore, blinking events localized within 1 pixel area (e.g. 160 × 160 nm 2 ) could be grouped to count RNA copies. Since multiple transcripts could exist within a diffraction-limited region, especially for highly expressed genes, the DBSCAN algorithm (25) was used in this study to distinguish multiple transcripts in a diffraction-limited area. This was done by linking clustered blinking events to a discrete RNA molecule based on the actual probe spanning area and error of localization. Here, the ⑀ value in DB-SCAN -the distance threshold that determines if two localized events belong to the same cluster -was set to 30 nm (approximation of the distance between two adjacent fluorophores on hybridized probes plus the error of localization in cells). This way, clusters with the expected number of blinking events (frame number × ensemble on-time fraction) could be identified within a diffraction-limited area and each cluster was counted as an individual transcript. Clusters of excessive blinking events (e.g. >10% ensemble on-time fraction) and clusters spanning an area larger than the target hybridization segment were rejected. For all the fluorophores used in our study, the standard error of localization (x) was calculated according to the following equation:
where s is the standard deviation of the Gaussian point spread function, a is the pixel size, b is the background noise, and N is the collected photons (24) . The obtained errors of localization were determined to be ∼20 nm in cultured cells, ∼30 nm in frozen tissue sections, and 40-50 nm in FFPE tissue sections. These values guided the setting of a reasonable ⑀ value in the DBSCAN algorithm for the different conditions. The ensemble on-time fraction thresholds (F ensemble-on ) were calculated based on the single-probe on-time fraction (F single-on ) that was quantified for each fluorophore and the number of probes (N probe ) targeting each transcript using the following equation:
All image processing was performed with customized C and MATLAB scripts that are available upon request.
Immunofluorescence staining
Pancreatic tissue sections were stained with insulin antibody to identify the location of islets of Langerhans. The tissue sections were permeabilized with 0.5% Triton X-100 for 30 min, followed by blocking with 1 × PBS containing 5% goat serum and 0.3% Triton X-100 for 1 h at room temperature. The sections were incubated in 1:500 dilution monoclonal rabbit anti-insulin IgG (Cell Signaling Technology, #3014) overnight at 4
• C. The primary antibody was thoroughly washed with PBS followed with incubation in 1:1000 dilution Alexa 546-goat anti-rabbit F(ab') 2 (Thermo Fisher Scientific). The tissue sections were then subjected to the fli-FISH treatment and imaging.
qRT-PCR
Single-cell qRT-PCR was used to validate the expression level of Ins2 in MIN6 cells. The number of input cells (e.g. 200 cells) was counted by flow cytometry (Influx, BD Biosciences) before RNA extraction. The RNA extraction and reverse transcription were conducted using the RNeasy Mini Kit (Qiagen) and iScript cDNA Synthesis Kit (BioRad), respectively. The PCR amplification was performed in a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The PCR parameters were: 94
• C 30 s, 58
• C 1 min, 72
• C 1 min for 40 cycles. The segment of Ins2 DNA and the primers that were used to generate the standard curve for quantification are shown in Supplementary Table S3 . The generated standard curve is shown in Supplementary Figure S1 .
RESULTS AND DISCUSSION
Setting parameters for a quantitative threshold between true signals, emitted from RNA copies and background noise Our approach relies on the following principle. Given a fluorophore with on-time fraction F and a transcript targeted with N such fluorophores, the ensemble on-time fraction for the transcript would be 1 -(1 -F) N within a diffractionlimited pixel area (160 × 160 nm 2 ). We chose to measure blinking events in a sub-pixel area because the distance spanned by a set of oligonucleotide probes bound to an RNA molecule is expected to be within the diffraction limit. To quantify the on-time fraction for a single Alexa 647-bound probe, single-labeled oligonucleotide FISH probes were diluted in fresh imaging buffer and placed in a glass coverslip chamber for imaging. Using a CW laser with the excitation power of 0.4 kW/cm 2 , stable photoblinking could be observed with no significant photobleaching for up to 400-600 s. An example for such a trace is shown in Figure 2A . Considering the low, pM-level concentration of probes used in these measurements, the possibility for having multiple probes within a single pixel is negligible. We collected ∼10 000 pixels with detectable blinking events and summarized the single-probe on-state duty cycle in a histogram ( Figure 2B ). The average on-time fraction for single Alexa 647-labeled probes (F single-on ) was found to be 0.19%, which is in agreement with a previous report (16) . This sparse-blinking rate minimizes signal overlap between multiple probes and makes Alexa 647 a primary choice for our fliFISH application. According to Equation 2 under Materials and Methods, the ensemble on-time fraction for an RNA molecule targeted by eight single-labeled probes is expected to be around 1.6% (F ensemble-on ). Consistent with this prediction, on-time fractions measured within a diffraction-limited pixel area in cells treated with 8 distinct probes, targeting the insulin mRNA, showed a higher number of blinking events ( Figure 2C , lower trace). Blinking values in the cell showed values ∼1.7%, indicating the presence of a transcript hybridized to multiple probes, as well as lower values, suggesting non-specific binding, as demonstrated in Figure 2D . Notably, the position of each blinking event can be localized with a precision of about 20 nm, enabling the differentiation of multiple transcripts within a single pixel ( Figure 3B ).The large difference be- tween the on-time fraction values for one probe and multiple probes, measured within a diffraction-limited area over many exposures (>5000), allows us to set a clear threshold between true binding of multiple probes to an RNA molecule and nonspecific or unbound single probes. Although no other quantitative method for setting a threshold between true and false signals in smFISH is currently available other than using SNR in fluorescence intensity values, a general approach for counting molecules in complexes, such as number of bound FISH probes to a transcript, has been recently demonstrated by qPAINT (26), using 64 oligonucleotide probes. This approach is built on DNA-PAINT (27) (28) (29) , where blinking events are generated by the transient binding of free-floating dye-labeled oligonucleotide strands, named 'imagers', to complementary target-bound or 'docking' strands. The number of target molecules (or bound probes) is then quantified by the predicted binding/unbinding kinetics between the fluorescent 'imagers' and the 'docking' strands. Thus some of the challenges that qPAINT faces are the ability to achieve fine control over probe influx, theoretical calculations of binding kinetics, and elimination of signal interference from a large number of unbound probes. The detection of two fluorescent colors would also be required. In comparison, fli-FISH employs single wavelength-dependent intrinsic photoblinking of organic dyes that are directly bound to the FISH probe with no additional colors, oligonucleotides or interactions needed. Figure 3A demonstrates the challenge in quantifying gene expression using conventional smFISH when only a limited number of probes can be fitted to the target RNA and how fliFISH overcomes this challenge to provide reliable transcript counts with high accuracy. We used 8 single-labeled probes to quantify insulin-2 (Ins2) mRNA in pancreatic ␤ cells (MIN6) grown in culture. As shown in Figure 3A , left image, the low SNR makes it difficult to unambiguously identify the location and determine the number of all transcripts within a single cell using conventional smFISH. In comparison, using fliFISH to set the threshold at the expected ensemble on-time fraction for 8 Alexa 647-tagged probes (Supplementary Movie S1), it was possible to precisely locate and quantify Ins2 mRNA copies in these cells ( Figure 3A , right image). The low SNR in smFISH images could be attributed to: (i) autofluorescence from cellular structures and tissue components at a comparable intensity to hybridized probes; (ii) signals from nonspecificallybound stray probes, or from bound probes at out-of-focus planes, contributing to the overall background; (iii) the actual fluorescence intensity at the hybridization site is not linearly proportional to the number of fluorophores; (iv) during the one-time exposure used for smFISH, a considerable number of fluorophores may not be in the on-state due to the stochastic emission of organic dyes. In conventional smFISH, the primary approach to improve SNR is either by increasing the number of probes or by increasing the exposure time. However, when only a limited number of probes can be accommodated, such as the case when targeting a short transcript as Ins2, longer exposure does not always warrant better SNR due to photobleaching and imbalanced accumulation of probe signals and background noise (Supplementary Figure S2A) . Rather than fluorescence intensity, fliFISH relies on the on-off duty cycle, determined over many short exposures, for setting the on-time fraction threshold between true and false signals. Since onoff duty cycles are not critically impacted by the points listed above, the preset on-time fraction threshold in fli-FISH can accurately determine a true hybridization location even in the presence of background noise. In fliFISH, where the blinking of probes is sparsely distributed and uncorrelated, shorter exposures (i.e. higher frame rates) could in fact improve SNR, as demonstrated in Supplementary Figure S2B . With a higher frame rate, each photon burst is still recoded and the blinking pattern is minimally impacted since the burst of photon emission always exceeds the background fluctuation (Supplementary Figure S2B) . Furthermore, in fliFISH the location of each blinking event is precisely recorded and could reach a spatial resolution of 20 nm. Therefore, probes hybridized to the same transcript can be better resolved. As shown in Figure 3B , multiple transcripts are identified by fliFISH in a diffraction-limited area, which could not be resolved using smFISH. It is noteworthy that smFISH and fliFISH yielded the same values for RNA copies per cell when enough probes (34 probes) could be applied in smFISH (Supplementary Figure S3) .
Demonstrating fliFISH in cultured pancreatic ␤ cells
During image processing, counts from nonspecific or unbound probes (false-positives) can be substantially reduced by setting the ensemble blinking threshold at the level of expected bound probes ( Figure 4A ). Applying eight probes, each tagged with one Alexa 647 molecule, for targeting Ins2 in ␤ cells, we observed a fast decay in the number of detected counts when the blinking threshold is increased from 0.2% (on-time fraction of a single probe) to 1.0% (on-time fraction of five probes), when fitting the histogram with a double exponential decay function (dotted line). The faster decay in counts over this threshold range, indicated by the yellow shaded area in Figure 4A , suggests counting bias due to nonspecific or unbound probes (30) . Therefore, we set a conservative lower limit cutoff at 1.2% (on-time fraction of six probes), which corresponds to ∼70% hybridization efficiency as reported earlier (8, 26) . We noted that some counts remained at a certain value when the threshold was set to above 10%, which could potentially result from the presence of multiple mRNAs (>8 copies) in a sub-pixel area, but more likely from the presence of aggregated probes or strongly autofluorescing structures. Therefore, we also set a higher limit cutoff to eliminate these possible false-positive counts. In practice, we rarely found spots that reached above 10% ensemble on-time fraction, partially because we used the DBSCAN algorithm (see Materials and Methods) to distinguish multiple transcripts within a diffraction-limited area, as demonstrated in Figure 3B .
Essentially, fliFISH relies on an imaging principle that sacrifices the speed of data acquisition for high specificity and spatial resolution, while relying on a lower number of FISH probes (<20) than those needed for smFISH. Using fliFISH, the copy number of Ins2 mRNA in single ␤ cells was precisely counted ( Figure 4B ). We observed a typical pattern of transcriptional bursting, where at a given point in time, only few ␤ cells show high abundance of Ins2 transcripts, while the majority of cells maintain relatively low transcript levels ( Figure 4C ) (31) . Such heterogeneity in time and space can be uncovered only by single-cell analysis approaches (32, 33) and is reflected in the exponential decay in the mRNA lifetime (34, 35) . To evaluate the accuracy of fliFISH, we quantified Ins2 mRNA in a given number of cells (determined by flow cytometry) using quantitative real-time polymerase chain reaction (qRT-PCR). As shown in Figure 4D , the single-cell expression levels quantified by fliFISH and by single-cell qRT-PCR were in high agreement. As negative control, mouse pancreatic acinar cell line (266-6), which does not express insulin, was used. As shown in Supplementary Figure S4A , no transcription of Ins2 was detected by fliFISH in these cells. In contrast, Elastase mRNA copies were detected at different levels in these cells as expected (Supplementary Figure S4B) .
Multiplexed RNA counting in single cells using fliFISH
Over the past few years, the throughput of smFISH has been greatly increased owing to a variety of multiplexing and barcoding strategies (4, (8) (9) (10) 36, 37) . These approaches support gene expression analysis for multiple genes in single cells simultaneously. To test the potential and compatibility of fliFISH with these techniques, we first targeted multiple genes in single cells using different fluorescent colors to tag each set of probes. We characterized the photoblinking behaviors of additional organic dyes, including Atto 488 and TAMRA, which were found to have the required optical properties (i.e. low on-time fraction and high photon yield) (Supplementary Figures S5 and S6 ). For instance, the average on-time fraction of Atto 488 was about 0.12% under excitation power of 1 kW/cm 2 . Using eight Atto 488-labeled probes, fliFISH was applied to quantify mRNA copy number of the Nkx2-2 gene in ␤ cells (Supplementary Figure S6 , right). NKX2-2 is a homeodomain transcription factor that is critical for the maintenance and function of ␤ cells, and its downregulation is closely related to reduction in insulin production in diabetic mice (38) (39) (40) . In addition to probes targeting Ins2 and Nkx2-2, eight TAMRA-labeled probes were used to target the mRNA for glyceraldehyde 3-phosphate dehydrogenase (Gapdh), a housekeeping gene expressed at relatively high levels in most cells. The three genes were targeted simultaneously in single cells, as demonstrated in Figure 5A . The ensemble on-time fraction thresholds set by fliFISH (1.2% for Ins2, 0.8% for Nkx2-2 and 0.6% for Gapdh), allowed a clear distinction between true and false signals for all three colors simultaneously. A significant cellto-cell heterogeneity in transcript levels was observed for the three genes. Next, we designed a set of probes targeting Ins2, where eight probes were tagged with Alexa 647 and additional eight were tagged with Alexa 594 ( Figure 5B ). We found a relatively high overlapping rate (up to ∼86%) between the two colors, indicating the detection of RNA copies with high accuracy for both colors, and demonstrating the compatibility of fliFISH with multiplexing by spectral barcoding. As mentioned above, the imaging speed is the major technical challenge for fliFISH to achieve high-throughput screening. To capture one image, smFISH requires several seconds while fliFISH requires hundreds of seconds to acquire a sufficient number of frames for precise localization. Using a standard wide-field microscope, a limited number of images along the z-direction (4-6 z-stacks) can be taken due to photobleaching. Therefore, increasing the photon collection efficiency becomes a pressing task to further the application of fliFISH. To tackle this problem, two methodological aspects of fliFISH can be optimized, including combining fliFISH with advanced microscopy platforms such as light-sheet microscopy or multifocus microscopy (41, 42) , and utilizing faster-blinking dyes (e.g. an ideal Fsingle-on would be 1-2% under the 25 Hz frame rate) to enable the acquisition of sufficient number of frames within a shorter time window. With these advances, the difference in the temporal resolution between smFISH and fli-FISH can be reduced to within one order of magnitude. In addition, as fliFISH is mainly a technical improvement in imaging and data processing rather than in hybridization protocols, it can be readily extended to work with MER-FISH (10) or smiFISH (43) where primary probes carry orthologous sequence overhangs to which secondary probes coupled to a fluorophore are hybridized, such that the cost for multiplexed gene quantification can be greatly reduced.
Overcoming the inherently high background in tissue samples by fliFISH
One of the challenges for smFISH in tissue sections is the intense autofluorescence background due to the presence of molecular components with complex compositions. To address this challenge, various methods have been developed to either reduce the source of background (e.g. optical clearing (44) (45) (46) and expansion microscopy (47)) or enhance the collection efficiency for on-target signals (e.g. light-sheet microscopy (36, 48) ). However, only few of the techniques have shown full compatibility with smFISH in tissues without special treatments (49, 50) . In comparison, using fliFISH it is possible to resolve and eliminate different types of background noise based on specific photoblinking patterns to improve specificity, as demonstrated in Supplementary Figure S7 . The application of fliFISH is further demonstrated in FFPE pancreatic tissue sections, which are known to have high background, where blinking events were clearly distinguished from background (Supplementary Figures S8 and S9) . In Figure 6 , we demonstrate the application of fliFISH by targeting Nkx2-2 in pancreatic islets of Langerhans. Using pancreatic tissue cryo-sections, insulin antibody was used to locate the islets, while Nkx2-2 mRNA copies were identified by fliFISH. As expected, the Nkx2-2 mRNA molecules were found predominantly in the endocrine cells of the islet, including insulin-producing ␤ cells, supporting its role in regulating ␤ cell maturation and insulin production.
The role of NKX2-2 in regulating insulin expression can be quantitatively evaluated by targeting Ins2 and Nkx2-2 mRNA copies in pancreatic islets simultaneously. Probes tagged with Atto 488 and Alexa 647were applied to quantify Nkx2-2 and Ins2 mRNA copies, respectively ( Figure 7A ). Using fliFISH, the transcriptional heterogeneity for both genes was clearly observed in the islets, showing a radial pattern with higher expression levels for both genes in the center of the islets and lower levels at the periphery ( Figure  7B and C). This radial architecture is in agreement with the mouse islet architecture, where mature and polarized ␤ cells are found at the core of the islet while proliferative ␤ cells and non-␤ cells are mostly found at the periphery (51) . fli-FISH also allowed accurate quantification and mapping of the Nkx2-2/Ins2 copy number ratio, showing a radial pattern as well (Figure 7) . While Ins2 transcript numbers were found to be higher than the number of Nkx2-2 transcripts in these cells, Nkx2-2 copy number relative to Ins2 copy number increased toward the center of the islet, supporting a more profound role for the transcription factor in mature and polarized ␤ cells compared with proliferative ␤ cells. Cells in islets of non-obese diabetic (NOD) mice showed a significant decrease in the expression levels of both Nkx2-2 and Ins2 compared to cells in control non-obese resistant (NOR) mice (Supplementary Figure S10A and B) . Interestingly, the radial pattern of Nkx2-2/Ins2 gene expression ratio was clearly disrupted in NOD mice islets (Supplementary Figure S10C ). Together, fliFISH quantitatively showed a correlative expression of the two genes and the ratio between them, supporting a functional link with a structural pattern between Nkx2-2, insulin production, and maturation of ␤ cells in normal mice and its alteration in NOD mice.
In summary, fliFISH is particularly useful when targeting RNA molecules that can accommodate only a small number of oligonucleotide probes (as low as eight probes) and where background noise (from nonspecific binding or autofluorescence) is high. Furthermore, by recording blinking events from each single probe, fliFISH can resolve multiple transcripts localized within a diffraction-limited spot, making it useful for accurate quantification of highly expressed genes. Considering the low number of probes required for fliFISH, it can also be applied to study the tertiary structure of nucleic acids and in situ DNA-RNA-protein inter-PAGE 11 OF 12 Nucleic Acids Research, 2018, Vol. 46, No. 2 e7 actions. In practice, as fliFISH relies on the SNR of single dye molecules, rather than integrated SNR of multiple molecules, bright dyes with SNR of at least 3 (ideally >5) is required, such as the dyes used in this study. Key parameters including single-probe on-time fraction, localization error, and camera performance should be carefully quantified for each experiment.
CONCLUSION
In this work, we report a quantitative fliFISH approach for reliable detection and accurate counting of RNA copies in single cells, especially when only a small number of probes can be fitted to the target transcript. Instead of relying on fluorescence intensities, fliFISH relies on on-off duty cycles of photoswitchable dyes to distinguish true signals emitted from an RNA copy hybridized with FISH probes, from false signals coming from nonspecifically bound stray probes or autofluorescence. Knowing the on-time fraction of a probe tagged with one dye molecule, the ensemble on-time fraction for a given number of probes that are targeting a specific transcript can be calculated and used as a threshold for distinguishing true from false signals. Current smFISH approaches rely on fluorescence intensities to differentiate hybridized targets from background and are strongly dependent on the SNR in fluorescence intensity acquired in a single image. Therefore, the accuracy of smFISH is strongly impacted by factors, such as insufficient number of probes targeting or binding a specific transcript, dye molecules found in their off-state during the single exposure, out-offocus emission, or intense autofluorescence. In contrast, fli-FISH can provide accurate gene expression values even in the presence of low SNR because it relies on a preset ontime fraction to eliminate autofluorescence and nonspecific binding, which are unlikely to reach the blinking threshold range. In addition to high spatial resolution and superior detection specificity, fliFISH is capable of quantifying short RNA species such as non-coding RNAs, which can accommodate only a limited number of probes, often insufficient for detection by smFISH. We show that fliFISH can be combined with multicolor labeling and barcoding to increase throughput. Using multiplexed fliFISH, we targeted transcripts for both ins2 and the transcription factor, Nkx2-2, in pancreatic islet ␤ cells in tissue sections from control and NOD mice. In control mice islets, we identified a radial single-cell gene expression pattern for both genes, as well as their copy number ratio (Nkx2-2/Ins2), with higher values in cells at the core of the islet and lower values in cells at the periphery. This radial expression pattern was lost in NOD mice. While it has been known that mature, insulinproducing ␤ cells are located at the core of the islet and that NKX2-2 plays a critical role in insulin production, here we provide the first quantitative relationships between the expression levels of the two genes at the single cell level, showing a radial pattern that is disrupted in NOD mice. Together, fliFISH provides quantitative gene expression analysis in single cells with high accuracy even when only a small number of probes are used to target the transcripts and has the potential to significantly advance reliable single cell transcriptomics.
